Abstract.
Introduction
Electromagnetic ion cyclotron (EMIC) triggered emissions in the Earth's inner magnetosphere have been studied via Cluster observations [Pickett et al., 2010; Omura et al., 2010] , theory [Omura et al., 2010] , and simulation [Shoji and Omura, 2011] . The observations [Pickett et al., 2010] show that emissions have left-hand-polarized rising tone spectra in the ULF frequency range. They are triggered by Pc1 (EMIC) pulsations [e.g. Troitskaya, 1961; Tepley, 1961; Roux et al., 1982; Anderson et al., 1992a Anderson et al., , 1992b Engebretson et al., 2007] around the equatorial region. The nonlinear growth theory derived by Omura et al. [2010] shows a good agreement with the observations in the frequency sweep rate of the rising tones. Moreover, the EMIC waves which propagate at a frequency below the H + cyclotron frequency play an important role for the cyclotron resonance interaction with the relativistic electrons of the radiation belts. Meredith et al. [2003] have performed statistical analyses on these interactions. The resonant quasi-linear scattering of energetic electrons by EMIC waves in the H + and He + branches have been theoretically analyzed by Summers and Thorne [2003] and Summers et al. [2007] .
A hybrid simulation [Shoji and Omura, 2011] has successfully reproduced the EMIC triggered emissions in a cylindrical magnetic flux model assumed as the equatorial region of the Earth's inner magnetosphere. The duration, frequency sweep rate, and saturation level of the triggered emissions show a good agreement with the observations. In the simulation, the velocity distribution of the energetic protons is strongly modulated by formation of large proton holes due to the triggered emissions. Because of the inward motion of the proton holes due to the rising frequency of the triggered emissions, the
SHOJI ET AL: HELIUM BRANCH EMIC WAVES energetic protons are scattered over a wide range of velocities parallel to the background magnetic field.
In some cases of the observations and simulations, we can find EMIC waves below the He + cyclotron frequency after generation of the EMIC triggered emissions in the H + branch. We present a Cluster observation of the multiple triggered emissions and the EMIC waves in the He + branch in Section 2. In Section 3, we reproduce the multiple EMIC triggered emissions by a hybrid code simulation to clarify how the associated EMIC waves in the He + branch are excited by the triggered emissions. Section 4 gives a summary and discussion.
Observations
The full description of the wave properties of the observed triggered emissions is found in Pickett et al. [2010] . In Figure 1 , we focus on a shorter time interval when the spacecraft is in the Northern Hemisphere. Flux Gate Magnetometer data are used in order to have a frequency range starting from DC, which includes a part of the spectrum below 0.8 Hz that was not displayed in Figure 2 of Pickett et al. [2010] . In the spectrogram (top panel of Figure 1 ), triggered emissions are detected between 08:05 and 08:15 UT (cf. Pickett et al. [2010] for general wave properties). The first riser (at 08:12) is the most intense.
It is followed by several other less powerful risers. The two risers detected immediately after the first one have a shorter frequency extent (up to 2.4 Hz). The last one ends at 08:16, and despite its weak power, the emission rises to 3 Hz. Triggered emissions display a high level of coherence indicative of a high degree of polarization [Santolik et al., 2003] .
This observed coherence is much larger than that of the EMIC waves observed in the same time frame. The second part of the event, starting from 08:15, is dominated by Figure 2a to the white dash-dotted lines in Figure 2b ). This wide pitch angle scattering shows good agreement with the simulation result in Shoji and Omura [2011] .
The distributions shown in Figure 2c and 2d are characteristic of the period, following the triggered emissions, when monochromatic emissions are seen in Figure 1a Figure 2d . The energetic protons around these resonance velocities are scattered along the diffusion curves of these waves [Gendrin 1968 ]. The markers in magenta indicate velocities at which pronounced variations of the distribution are found.
Hybrid simulation
We have developed a one-dimensional (1D) hybrid code with a cylindrical magnetic flux model [Shoji et al., 2009; Shoji and Omura, 2011] . We use the same model configuration as Shoji and Omura [2011] . According to the observational results [Omura et al., 2010] , Langdon, 1985] is used to reduce the initial thermal fluctuations. The energetic protons are initialized to form a spatial distribution that is stable in time with adiabatic motion in the parabolic magnetic field.
We separate the wave magnetic fields into forward and backward propagating wave components using the same method as used by Shoji and Omura [2011] . To obtain the dynamic spectra around the equatorial region, we apply a Fourier transform in a limited time window and slide it from the initial time to the end of the simulation period. The size of the window is chosen as t ∼ 11.2 s for a sufficient resolution in the frequency domain. Figures 3a and 3b show the dynamic spectra of the magnetic field of the forward and backward propagating waves around the equatorial region, respectively. Because we introduced a higher density of energetic protons than that assumed in Shoji and Omura [2011] , there still remains enough free energy to generate another triggered emission in the simulation space. We obtain multiple rising tone EMIC triggered emissions in the H + branch both in the forward and backward propagating waves as shown in Figure   3 . A substantial part of the distribution function of the protons is scattered by the first triggered emission [Shoji and Omura, 2011] , and thus the second triggered wave saturates faster than the first one. The multiple chorus emissions are discussed by Katoh and Omura [2011] , and the same dependency of the multiple emissions on the energetic particle density is also found in the case of EMIC triggered emissions. From t ∼ 30 s, after the second triggered emission starts, another branch of EMIC waves below the He Figures 4a to 4f show the velocity distribution functions of the energetic protons around the equatorial region at different times. We focus on the negative velocity range of the distribution function interacting with the forward propagating waves. In Figure 4g , we calculate a value ΔE which is defined as (energy density in the velocity phase space) × (density gradient along the diffusion curve of the EMIC wave in the He + branch). When ΔE is positive, the energetic protons around the resonance velocity are scattered losing their energy, and thus the He + branch EMIC waves can be generated. We also plot the resonance velocities V R0 of the triggering wave, V He of EMIC waves in the He + branch, and V R of the triggered waves in Figures 4a to 4f . Here, we note that these velocities satisfy
where V Rf indicates the resonance velocity of the triggered waves at the highest frequency.
Through the nonlinear wave growth, a proton hole is generated around the resonance velocity V R [Shoji and Omura, 2011] and it moves inward to the core part of the distribution functions. The resonance velocity of triggered waves V R changes from V R0 and approaches to V Rf due to the nonlinear process. Figure 4a shows the initial distribution function. From the initial time to around t 16 s, because the resonance velocity of the first triggered wave |V R | is greater than |V He |, the density gradient along the diffusion curve of the He + branch wave is enhanced at a higher pitch angle of the distribution function and thus the value of ΔE takes a positive value.
As the frequency of the triggered emission increases, |V R | becomes smaller and moves across V He as shown in Figure 4b . As shown in Figure 4b (black dashed line), the density increases in the lower pitch angles, and thus the value of ΔE starts to decrease. After that, as the depth of the proton hole becomes larger, there appears a negative ΔE region as shown in Figure 4c . Through the inward motion of the proton holes, the core part of the distribution function is scattered [Shoji and Omura, 2011] . Because a substantial number of protons are scattered in the region |v| < |V He |, the density gradients are enhanced around V He along the diffusion curve of the He + branch wave as shown in Figure 4c . At t = 20.1 s in Figure 4g , we find a positive value region of ΔE. However, there still remains a negative region and thus the He + branch waves are not generated. The same process also takes place with the second triggered emission.
The resonance velocity of the second emission, shown by a purple line, also moves across V He as shown in Figure 4d . As a result of this scattering due to the multiple triggered emissions, a broad positive ΔE appears around t = 30.1 s in Figure 4g . The corresponding unstable distribution function is shown in Figure 4e . The EMIC waves in the He + branch start to be generated at this time as shown in Figure 3 . Energetic protons near the resonance velocity of the wave in the He + branch lose their energy. Therefore, the EMIC waves in the He + branch are generated through the cyclotron resonance with the energetic protons. After the generation of the He + branch waves, due to the scattering of the distribution functions by the He + branch EMIC waves, the velocity distribution becomes flat along the diffusion curve of the wave as shown in Figure 4f .
Summary and Discussion
We performed a hybrid simulation for multiple EMIC triggered emissions, and found that EMIC waves in the He emissions are generated through nonlinear wave growth from the triggering waves [Omura et al., 2010; Shoji and Omura, 2011] . With the rising tone EMIC triggered emissions, the resonance velocities of the triggered emissions move across that of the He + branch waves. The distribution function is modulated so as to enhance the density gradient along the diffusion curve of the He + branch waves. Thus, the He + branch EMIC waves are generated after the multiple EMIC triggered emissions in the H + branch. EMIC waves with slightly lower frequency in the H + branch are also found in the simulation result.
The H + branch waves have a resonance velocity greater than that of the triggering wave.
Thus, the H + branch waves are generated through cyclotron resonance with the energetic protons scattered from the phase space volume interacting with the triggered emissions in the distribution function. These EMIC waves in the H + and He + branches are generated through the linear growth processes independently. The generation of these waves shows a good agreement with the observations shown in Figure 1 . generated and the phase space in the lower pitch angle and lower parallel velocity is filled by the scattered protons as shown in Figure 2d .
In the observations shown in Figure 1 , we find more EMIC triggered emissions than in the simulation. These multiple triggered emissions should be caused by injections of energetic protons into the inner magnetosphere. As a result, the amplitude of the He 
